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	0. EXECUTIVE SUMMARY


The overall goal of the MirrorBot project was the development of biomimetic multimodal learning and language instruction in a robot. Based on cognitive neuroscience evidence of cell assemblies and mirror neurons we explored how neural architectures can be designed and trained to perform basic actions.  In the third period of the MirrorBot project we continued to carry out neuroscience experiments to aid our understanding on how the brain processes words and how the mirror neuron system aids the recognition and understanding of actions. Furthermore, we have extended the computational models developed in the first two years that are appropriate for a trainable MirrorBot robot assistant.
One of the mirror neuron experiments considered whether an action goal specifies a successful end state, regardless of how it is achieved by considering the use of pincer tools. In the study intracortical recordings of single neurons in the F5 hand region of one macaque monkey, under three experimental conditions. In the “Hand” condition the monkey grasped a piece of food with the hand; in the “Normal tool” and “Reversed tool” conditions, the monkey was required to grasp a piece of food by means of the normal or reversed tool, respectively. The fact that these neurons globally display a stronger response during grasping with the tool than with the hand could be due to a modulatory effect exerted by cognitive processes, such as learning and/or attention. The results suggest that F5 neurons implement an abstract level of action representation. Further, a small percentage of mouth-related mirror neurons discharge during the observation of intransitive, communicative facial actions performed by the experimenter in front of the monkey. A behavioral study showed that the observing monkeys correctly decoded these and other communicative gestures performed by the experimenter in front of them, because they elicited congruent expressive reactions. 
In addition we have also considered the role of the mirror neuron system with regards to embodied simulation and its role in empathy and social cognition. Much of our social competence depends on our capacity of understanding the meaning of the actions we witness. Findings on mirror neurons convey that the sensory-motor integration supported by the premotor-parietal F5-PF mirror matching system instantiates simulations of transitive actions utilized not only to generate and control goal-related behaviors, but also to map the goals and purposes of others’ actions, by means of their simulation. The establishment of self-other identity is a driving force for the cognitive development of more intersubjective relations. It is proposed that the mirror matching system could be involved in enabling the constitution of this identity. The concept of “empathy” should be extended in order to accommodate and account for all different aspects of expressive behaviour enabling us to establish a meaningful link between others and ourselves. We have found that the motor system plays a key role in the more subtle aspects of cognition, such as the goal of the action. 
An additional set of neuroscience experiment performed in the third period of the MirrorBot project related to EEG, MEG, fMRI Correlates and Responses to Multimodal Input. In the first we examine the alternative theories as to the processing of language, perception and motor stimulus. The cortical systems for language, perception and action have been considered to be modules separated in terms of function and space. However, brain theory predicts that frequent co-occurrence of actions, perceptions and words link them at the cortical level. We investigated action words related to actions involving muscles of the face, arms and legs, respectively and found reading or acoustic perception of face-, arm- and leg-words specifically activated brain regions that normally process their referent actions. The results on action word representation make it clear that semantic processing can engage multiple cortical areas. The second experiment considers the cortical basis of color and form concepts, by examining event-related fMRI responses to matched words related to abstract color and form information. Color and form words elicited category-specific cortical differences in focal areas of frontal and temporal cortex. Parahippocampal areas were more strongly activated by color words than by form words, and stronger activity to form words than to color words was seen in fusiform gyrus, middle temporal gyrus, as well as premotor and dorsolateral prefrontal cortex in the inferior and middle frontal gyri. 
As part of the aim to create a trainable robot assistant we produced a description of a navigation scenario, including objects vocabulary and syntax that combines the several robust and working modules that allow the robot to perform the following tasks: Recognition of an object among others, dock to a table, grasp an object and process and interpret sentences based on proposed grammar. The robot is placed at a random position in the environment and fruits lying on a table are not in sight. An instruction of action and goal is given, using the language medium. The robot needs to detect and approach the table before any docking can take place. Then, after having chosen the target according to instructions, it can either show the target, dock and point to the target or dock and grasp the target. To fulfil the requirements of the scenario the robot needs to combine various behaviours such as speech and language processing, avoidance, object recognition and localisation, navigation, self-localisation, gripper action and camera movement. 
We have continued to develop computational models including three that can be combined to produce a language processing architecture. The first model provides a front-end of the architecture and is made up of regions of spiking associative neurons. This cortical model performs a grammatical and semantic check of the sentence introduced. This is achieved in a neural manner by use of spiking associative memory and is able processing of the full MirrorBot grammar. Once the checking of the sentence is completed by the cortical model the action instruction associated with the sentence can be passed into the second language model which is a self-organising cortical map language representation model using multi-modal information processing, inspired by cortical maps. We illustrate a phonetic - motor association that shows that the organisation of words can integrate motor constraints, as observed by our Cambridge partners. This model processes the full MirrorBot grammar. The final model offers grounding language instructions in actions (GLIA) model by taking three example action verbs represented in the second model and ground these in actual actions. In doing so this GLIA model learns to perform and recognise three complex behaviours, 'go', 'pick' and 'lift' and to associate these with their action verbs. This second model takes inspiration from concepts of the mirror neuron system in order to produce learning by imitation by combining high-level vision, language and motor command inputs. When developing the GLIA we have placed emphasis on modelling in a more realistic manner than previously achieved. This is done by modelling the mirror neuron system and multimodal language processing in a neural manner. 
A further collaboration between the computational partners is related to the development of a trainable assistant in an attention control approach. This selective attention mechanism is robust against noise and distractions. The model consists of various maps with different roles and connectivity. Using this model the PeopleBot can be placed in front a group of fruit on a table including three green lemons. At the start, the camera is directed somewhere on the table with each fruit somewhere in its viewfield. The PeopleBot is then instructed to gaze sequentially at the three lemons by moving its mobile camera while never looking twice at the same lemon, even if the fruits are moved during the experiment. The output of the system is a motor command to the mobile camera in order to gaze at the currently attended object (i.e. have it at the center of the camera). It is obtained by decoding the position of the unique bubble of activation in the focus map in and by linearly transforming this position into a differential command to the effectors of the camera. 
A very successful International MirrorBot Workshop was held in Ulm in September as part of the 27th Conference on Artificial Intelligence (KI2004) to describe the findings of the project to a wider audience. By taking contributions from this workshop and chapters from the partners in the MirrorBot project related to the research in the project a book was produced. This Biomimetic Neural Learning for Intelligent Robots book editied by Wermter, Palm and Elshaw is part of the Springer Lecture Notes in Artificial Intelligence series. By actually producing this book we have gone beyond the original contractual obligation. As well as this we have disseminated the project by producing a significant number of journal and conference publications and through our website. Furthermore, the Nancy coordinator (F. Alexandre) contributed to a one hour long documentary film in a series "Science and Philosophy", entitled "The sciences of the mind", was produced in 2004 by the 5th French national television channel and shown in January 2005. The MirrorBot project is mentioned several times, through interviews and movies with the robot performing "MirrorBot tasks". Julien Vitay and Nicolas Rougier were invited by the 3rd French TV channel, to present a tracking performance by the robot, during the news. F. Alexandre was invited by the French society of neurosciences for its annual conference in Lille in May 2005, to give a talk entitled "anticipation and selective attention" inspired from MirrorBot results.

The MirrorBot project was carefully controlled by the use of full meetings involving all project partners and additional sub-meetings between two or three partners. This enabled the partners to work in a collaborative manner on the models that were developed and experiments that were performed. Co-ordination was also aided by the use of project email lists and password protected internal web pages. 
The MirrorBot project has proved successful in the development of research findings that are applicable to applications associated with robotics and computing. Although we concentrated on the development of models for the uses of a multimodal MirrorBot robot, the findings of the object recognition models for instance can be used in non-robot applications. In terms of robotics the creation of a MirrorBot robot that combines vision and language inputs offers many applications for highly unpredictable and dynamic environments in the future. Since the MirrorBot robot has the ability to learn in a biologically inspired manner it should be able to perform multiple applications rather than being restricted to a single preprogrammed activity. Thus, the mirror neuron concept may provide a better foundation for a general purpose service robot control architecture than is currently available from application specific robots. 
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